Abstract The logopenic variant of primary progressive aphasia (lvPPA) strongly associates with Alzheimer's disease, but can also associate with frontotemporal lobar degeneration. We aimed to assess the frequency of lvPPA in patients with speech and language disorders without bamyloid deposition, and to perform detailed neuroimaging and genetic testing in such lvPPA patients. Seventy-six patients with a neurodegenerative speech and language disorder and Pittsburgh compound B (PiB) PET imaging demonstrating no b-amyloid deposition were analyzed. Six lvPPA patients (8 %) were identified. All six underwent progranulin (GRN) gene testing. Structural abnormality index maps and Cortex ID analysis were utilized to assess individual patterns of grey matter atrophy on MRI and hypometabolism on 18-F fluorodeoxyglucose (FDG) PET.
Introduction
Three variants of primary progressive aphasia (PPA) are currently recognized, including agrammatic, semantic, and logopenic PPA (lvPPA) [1] . Agrammatic PPA is characterized by agrammatic and/or telegraphic speech output, while the semantic variant is characterized by grammatically adequate but tangential speech, with associated loss of word meaning [2] . The logopenic variant is characterized by word-finding difficulties, which are observed during conversations as the patient searches to retrieve words, particularly words that are less frequent in his or her vocabulary [3] . This typically results in a speech pattern that is characterized by frequent pauses or hesitation between words or sentences. Formal speech and language evaluation identifies word retrieval deficits and anomia, as well as difficulty with sentence repetition, and the production of sound errors known as phonological or phonemic errors. Recently, consensus criteria were published to guide diagnosis of all three variants of PPA, including lvPPA [1] . Importantly, in addition to the features described above, the consensus criteria include the presence of motor speech disorders and a loss of meaning for words as non-supportive features for an lvPPA diagnosis.
Clinicopathologic and amyloid imaging studies have demonstrated that lvPPA is strongly associated with bamyloid deposition and Alzheimer's disease [4] [5] [6] , while the agrammatic and semantic variants of PPA are strongly associated with frontotemporal lobar degeneration pathology (FTLD) [7] [8] [9] . Little is known, however, about lvPPA patients who do not show an association with b-amyloid deposition, and hence likely have an underlying FTLD pathology [5, 10] . For example, it is unknown how frequently lvPPA accounts for the diagnosis in patients presenting with aphasia or apraxia of speech who do not show b-amyloid deposition and, hence, do not have Alzheimer's disease. It is also unknown whether patients with lvPPA who have a genetic mutation in progranulin (GRN) that causes FTLD [11] would have a unique clinical or imaging signature when compared to lvPPA patients who do not show b-amyloid deposition and do not have GRN gene mutations.
Over the past 4 years. we have been prospectively recruiting patients with progressive speech and language disorders who undergo Pittsburgh compound B (PiB) positron emission tomography (PiB-PET) scanning to document the presence of b-amyloid deposition in the brain. We therefore aimed to determine the frequency of lvPPA in a large cohort of patients with any type of a neurodegenerative progressive apraxia of speech or aphasia, including PPA, who are b-amyloid-negative and hence, most likely have an underlying FTLD pathology. We also aimed to determine whether clinical and imaging features of such lvPPA patients would differ between those with and without progranulin gene mutations.
Methods

Patients
Between July 2010 and November 2013, patients with a neurodegenerative progressive speech and language disorder (apraxia of speech and/or aphasia) who presented to the Department of Neurology at the Mayo Clinic in Rochester, MN, were prospectively recruited and underwent detailed speech, language, and neurological and neuropsychological testing, as previously described [12, 13] .
For speech and language evaluation, all patients completed the Western Aphasia Battery-revised test (WAB) [14] , a 22-item version of Part V of DeRenzi and Vignolo's Token Test [15] , the 15-item Boston Naming Test (BNT) [16] , Action (verb) Fluency [17] and Letter (FAS) Fluency [18] tasks, and the Pyramids and Palm Trees Test (PPTT) [19] . Motor speech was assessed for apraxia of speech (AOS) using an AOS rating scale (ASRS) [12] . The presence of phonological errors was also assessed and rated on a fivepoint scale (absent, mild, moderate, marked, and severe). The speech and language assessments for all patients were video recorded and reviewed by two study authors (JRD and EAS) in order to render a consensus diagnosis based on modification to our previously published criteria [2] . The following criteria were used to diagnose lvPPA: the presence of any combination of two or more of anomia without loss of word meaning, impaired sentence repetition, phonemic paraphasias, and no features that are more suggestive of another speech and language disorder.
All patients underwent neurological evaluation by a behavioral neurologist (KAJ) and completed the Montreal Cognitive Assessment battery (MoCA) [20] , Frontal Behavioral Inventory (FBI) [21] , brief questionnaire form of the Neuropsychiatric Inventory (NPI) [22] , the limb apraxia subscale of the WAB [14] , and the Movement Disorders Society-sponsored version of the Unified Parkinson's Disease Rating Scale part III (MDS-UPDRS) [23] . Detailed neuropsychological testing was performed by a psychometrist with oversight by a clinical neuropsychologist (MMM). The battery included tests of motor speed with the Trail Making Test (TMT) A [24] , executive function with the TMT B [24] , and Delis-Kaplan Executive Function System Card Sort (DKEFS) [25] , learning and memory with the Auditory Verbal Learning Test (AVLT) [26] , and visuospatial and visuoperceptual functions with the Cube Analysis and Incomplete Letters from the Visual Object and Space Perception (VOSP) battery [27] and the Rey-Osterreith Complex Figure Test [26, 28] . Mayo Older American Normative Studies (MOANS) age and education-adjusted scaled scores [29] were used for all neuropsychological variables, except for the DKEFS Card Sort, VOSP Cube Analysis, and Incomplete Letters. The MOANS and DKEFS Card Sort are constructed to have a mean of 10 and standard deviation of 3 in cognitively healthy participants.
The study was approved by the Mayo Clinic institutional review and has therefore been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments. All patients consented for enrolment into the study.
Genetic testing
All six lvPPA patients without b-amyloid deposition underwent apolipoprotein E (APOE) genotype testing, as previously described [30] , and were tested for the presence of GRN gene mutations. Exons 0-12 and the 3 0 untranslated region of the GRN gene were amplified by polymerase chain reaction (PCR) assay using our previously published primers and protocol [31, 32] . The PCR amplicons were purified using the Multiscreen system (Millipore, Billerica, MA) and then sequenced in both directions using Big Dye chemistry following the manufacturer's protocol (Applied Biosystems, Foster City, CA). Sequence products were purified using the Montage system (Millipore) prior to being run on an ABI 3730 DNA Analyzer. Sequence data was analyzed using either SeqScape or Sequencer software.
Image acquisition
All patients underwent a standardized magnetic resonance imaging (MRI) protocol at 3.0 T that included a 3D magnetization-prepared rapid acquisition gradientecho (MPRAGE) sequence (TR/TE/T1, 2300/3/900 ms; flip angle 8°, 26 cm FOV; 256 9 256 in-plane matrix with a phase FOV of 0.94, slice thickness of 1.2 mm, inplane resolution of 1 mm). In addition, all patients underwent both an 18-F fluorodeoxyglucose (FDG) and PiB-PET scan, acquired using a PET/CT scanner (GE Healthcare, Milwaukee, Wisconsin). For FDG-PET, patients were injected with FDG (average, 459 MBq; range, 367-576 MBq) in a dimly lit room with minimal auditory stimulation. After a 30-min uptake period, an 8-min FDG scan was performed consisting of four 2-min dynamic frames following a low-dose CT transmission scan. For PiB-PET, patients were injected with PiB (average, 614 MBq; range, 414-695 MBq), and after a 40-60 min uptake period, a 20 min PiB scan was obtained consisting of four 5-min dynamic frames following a low-dose CT transmission scan. Standard corrections were applied. Individual frames of the FDG and PiB dynamic series were realigned if motion was detected, and then a mean image was created. Emission data were reconstructed into a 256 9 256 matrix with a 30 cm FOV. The image thickness was 3.75 mm. Patients were classified as PiB-negative using a cortical-to-cerebellar (SUVR) ratio cut-point of less than 1.5, as previously defined [33] .
Image analysis
To visualize the patterns of grey matter atrophy in individual patients, we created age and education-adjusted Zscore maps or STAND-Maps (Structural Abnormality due to NeuroDegeneration-Maps), which indicate the atrophy in terms of Z-scores relative to a group of cognitively normal controls in 120 brain regions [34] . In order to visualize patterns of FDG-PET hypometabolism in individual patients, we employed the clinical three-dimensional, stereotactic surface projections tool using Cortex ID (GE Healthcare, Waukesha, Wisconsin) [35] . Briefly, the activity in each FDG-PET image is normalized to the pons and compared with an age-segmented normative database, yielding a metabolic map of Z scores for each surface pixel.
Group-level analyses of the MPRAGE and FDG-PET scans were also performed using SPM5. All MPRAGE scans were normalized and segmented using customized priors and unified segmentation [36, 37] , followed by the hidden Markov random-field clean-up step. Grey matter images were modulated and smoothed at 8-mm full-widthat-half-maximum. The FDG-PET images were then coregistered to the patients' MPRAGE and normalized to the customized template using the normalization parameters from the MPRAGE normalization. All voxels in the FDG-PET image were normalized to the pons to form FDG uptake-ratio images. Two-sided t tests were performed to compare the GRN-negative and GRN-positive patients to a control cohort of 26 age-and gender-matched subjects that had undergone identical MRI and FDG-PET protocols. Direct comparisons between the GRN-positive and GRNnegative groups were also performed. Results were assessed uncorrected for multiple comparisons at p \ 0.001 with an extent threshold of 50 voxels. Age and gender were included in all comparisons as covariates.
Results
Patients
Seventy-six patients with an aphasia and/or apraxia of speech had a PiB-PET cut-off score of less than 1.5, and hence were b-amyloid-negative. Of these 76 patients, six patients (8 %) were diagnosed with lvPPA. All six patients had evidence of word retrieval deficits in spontaneous speech and in a picture description task. Demographic and clinical data for these six patients are shown in Table 1 . Disease duration in all six patients was B3 years. All six patients had aphasia with a WAB aphasia quotient of \94.1 and difficulty comprehending complex sentences as measured by the Token Test. Five had sentence repetition difficulties, five had phonological errors that were mild to moderate in severity, and four had evidence of anomia with a score of \11 on the BNT. No patient had unequivocal evidence of apraxia of speech as measured by the ASRS, and none had a score of 5 or less on the fluency score of the WAB, which would have been evidence for agrammatism. In addition, a review of the spoken and written WAB narrative picture description responses of each patient ( Table 2) , independent of the WAB fluency score, yielded consensus that agrammatism was not evidence. Patient 3 performed within the abnormal range on the PPT and the Auditory Word Recognition subtest of the WAB, suggesting deficits in object and word knowledge, respectively. This patient, however, was severely impaired across all language, neurological and neuropsychological measures, except for recognizing famous faces. Importantly, the most severe features in this patient were still those typical of lvPPA. No patients had more than mild parkinsonism on the UPDRS, while almost all patients, except patient 1, had executive dysfunction as evident on the neurological and neuropsychological testing. Memory performance on the AVLT was impaired for all patients. Patients 1-5 all showed asymmetric FDG hypometabolism throughout the left lateral temporoparietal cortex, with hypometabolism spreading into the lateral anterior temporal lobe in all cases (Fig. 1) . Patient 6 showed milder involvement of the left lateral temporal lobe, with more striking and bilateral involvement of the parietal lobe. The left precuneus and posterior cingulate was involved in patients 2-6, with the right precuneus or posterior cingulate involved in cases 3-6. The left lateral and medial frontal lobe also showed hypometabolism in all patients, with very little involvement in the right hemisphere. The left caudate nucleus was involved in all cases. MRI revealed asymmetric left lateral temporal atrophy in all patients, with extension into the parietal cortex in the majority (Fig. 2) . Most patients showed some left medial temporal atrophy, although it was severe in patient 3. Table 2 Excerpts from spoken and written WAB picture descriptions for each patient, illustrating the absence of agrammatism, and language output characteristics not incompatible with lvPPA GRN-positive patient 1 Verbal picture description: ''OK, well there's, there's kids, it's in the summer and they're havin' a, by the lake and doin', flyin' a kite, and they're, they're out there fishing, and sand, she's makin' a sand picture. GRN-negative patient 5 Verbal picture description: ''We're going to go look at some pretty pictures. We're going to see a sail…dot, and we're liking to read… playing with the dogs, we like that…we like to have all the sand, and things like that they do for making castles…'' Written picture description:''We are going to a lovely home and family…We fish for good times and the sand for the small kids and a great salad and for the family.'' GRN-negative patient 6 Verbal picture description: ''Well, the picture is of a vacation area, uh, with a young boy with a dog following behind him is leading a cat…kite, up over the house where there is a car.'' Written picture description: ''The Family of John and Mary went caning on the beach of Mayo.'' 
GRN-positive versus GRN-negative
Three of the six lvPPA patients were found to have a pathogenic mutation in the GRN gene (patients 1-3, Table 1 ). Those with a GRN gene mutation (GRNpositive) were younger at onset and had lower PiB ratios compared to those without a GRN gene mutation (GRNnegative). All of the GRN-positive patients, but none of the GRN-negative patients, had a family history of dementia (Table 1 ). There was no striking difference in speech and language, neurological or neuropsychological profiles, or apolipoprotein genotype, between the GRN-positive and negative patients.
There were no obvious differences on FDG-PET between the GRN-positive and GRN-negative patients (Fig. 1) . Similarly, on MRI, the patterns of abnormalities observed in both groups were similar, although the GRNpositive patients by visual inspection appeared to have more atrophy in the affected regions (Fig. 2) .
In the group level maps (Fig. 3) , the GRN-negative group showed grey matter volume loss in the left inferior temporal gyrus compared to controls. The GRN-positive group showed more widespread involvement of the left lateral and medial temporal lobe. Both groups showed FDG hypometabolism in the left temporoparietal cortex, although the GRN-positive group showed more striking All patients showed left parietal and temporal hypometabolism, which was particularly severe in patient 3, who also showed striking left frontal lobe hypometabolism. Less temporal lobe hypometabolism was observed in patient 6, who also showed a more bilateral pattern J Neurol (2014) 261:604-614 609 involvement of the medial temporal and frontal lobe, and the GRN-negative group showed greater bilateral involvement of the precuneus. On direct comparison between the groups (Fig. 3) , the GRN-positive group showed greater grey matter loss and hypometabolism in the left parahippocampal gyrus, and greater grey matter loss in the left anterior temporal lobe and anterior frontal lobe, compared to the GRN-negative group. No regions showed greater involvement in the GRN-negative group compared to the GRN-positive group.
Discussion
In this study, we report six patients with lvPPA who were PiB-negative and hence were not associated with AD pathology, and demonstrate that lvPPA in fact accounts for a small proportion of PiB-negative neurodegenerative apraxia of speech and aphasias.
All six patients in the study presented with features typical for lvPPA, including poor word retrieval in general conversation, anomia, phonological errors, and difficulties with sentence repetition. Consistent with the clinical Fig. 2 STAND maps showing regional grey matter atrophy in each GRN-positive and GRNnegative patient. All patients showed left temporal lobe atrophy, although the GRNpositive patients appeared to have more severe atrophy with extension into the left parietal lobe findings, all six patients displayed asymmetric patterns of atrophy and hypometabolism typical for lvPPA [3, 10, 38] , predominantly affecting the left lateral temporal and parietal lobe, with additional involvement of the precuneus and posterior frontal lobe in some patients. Interestingly, the anterior temporal pole was affected in five of the six patients, which is somewhat unusual for lvPPA, and would be more typical of the semantic variant of PPA [39] . Only patient 3 displayed features suggestive of semantic aphasia, with poor performance on the PPT and the Auditory Word Recognition subtest of the WAB. Patient 3, however, was very severely impaired across all clinical and imaging testing, and lvPPA features were still the most prominent. This patient appears to be atypical, having a rapidly progressive phenotype, yet an illness duration of only 2 years [40] . No patients had impairment in recognizing faces and none had surface dyslexia with poor reading of irregular words and preserved reading of non-words. The preserved ability to recognize faces would be consistent with sparing of the right anterior temporal lobe, specifically the fusiform [41] . Although memory impairment and mild medial temporal atrophy was evident in most patients, none presented with complaints of memory loss, and in all patients it was the language impairment that was affecting activities in daily living, consistent with a diagnosis of PPA. Similarly, although executive dysfunction was identified in all but one patient, it was never a presenting feature. Most likely, executive dysfunction was due to involvement of the left frontal lobe. However, none of the patients presented with behavioral dyscontrol and in only one patient did the spouse endorse significant behavioral dyscontrol. In general, the FDG-PET data showed greater involvement of the parietal lobes than the MRI data, which concurs with our previous findings in a larger cohort of lvPPA patients [38] . It is possible that metabolic changes may be occurring in these regions before the onset of atrophy, or, alternatively, FDG-PET may be more sensitive to abnormalities in these regions in lvPPA patients.
In our cohort of six lvPPA PiB-negative patients, 50 % were found to have mutations in the GRN gene. All of these patients also had a family history of dementia, while the GRN-negative patients did not. The presence of a family history with a negative PiB-PET scan is therefore a strong indicator of the presence of a GRN mutation in lvPPA. In addition, the patients with GRN mutations were the youngest of the six patients, with two of the three patients showing disease onset in their 50s. Young onset in the 5th and 6th decade is typical for patients with GRN mutations [42] [43] [44] , but is also common for patients with lvPPA due to AD [6, 38] , and therefore age by itself may not be predictive; young age in the context of family history may, however, be more compelling. The young age of these patients may also explain why the PiB-PET ratios were slightly lower than those in the patients without GRN mutations, although it could reflect the fact that GRNpositive patients simply have an absent to low b-amyloid burden.
Despite differences in family history and age, there were no other clinical or neuropsychological differences observed between the patients with and without GRN mutations. The groups performed similarly on speech and language testing, neurological testing, and on neuropsychological testing of memory, executive and visuospatial performance. Therefore, while we show that GRN-positive patients can present with lvPPA, we could not confirm that such patients have a unique clinical signature [11] . A larger sample size would be needed to better address this issue. Patterns of atrophy and hypometabolism were also similar across the GRN-positive and GRN-negative groups, although there was a trend for the GRN-positive patients to show more severe patterns of left anterior temporal lobe involvement. Two lvPPA patients with GRN mutations have similarly been reported to show anterior temporal atrophy [45] . One patient in particular (patient 3) that had a mutation in GRN showed a very severe and asymmetric pattern of atrophy and hypometabolism and a very severe clinical profile, with poor performance observed across the majority of tests, despite a disease duration of only 2 years. Rapid disease progression and fast rates of atrophy [46, 47] have indeed been associated with GRN mutations, and likely explain the rapid course in this patient. Highly asymmetric atrophy has also been observed in GRN mutation carriers [48, 49] . The other two patients with GRN mutations were, however, more similar in severity to the GRN-negative patients, and so would likely be difficult to differentiate based on imaging or clinical features alone.
The clinical syndrome of lvPPA accounts for a small minority of b-amyloid-negative speech and language disorders. A high proportion of these patients will likely harbor underlying FTLD pathology. In fact, given the finding of GRN mutations in our cohort, it appears that at least 50 % will have FTLD pathology with deposition of the transactive response (TAR) DNA-binding protein of 43 kDa (FTLD-TDP); specifically FTLD-TDP type A [50] , which is always observed in patients with GRN mutations [51] . Therefore, lvPPA is associated with FTLD-TDP type A pathology in PiB-negative patients. Future studies are now needed to compare PiB-negative and PiB-positive lvPPA.
